The increase in the wealth of information on the seismotectonic structure of the Marmara region after two devastating earthquakes (M7.6 Izmit and M7.2 Duzce events) in the year 1999 opened the way for the reassessment of the probabilistic seismic hazard in the light of new datasets. In this connection, the most recent findings and outputs of different national and international projects concerning seismicity and fault characterization in terms of geometric and kinematic properties are exploited in the present study to build an updated seismic hazard model. A revised fault segmentation model, alternative earthquake rupture models under a Poisson and renewal assumptions, as well as recently derived global and regional ground motion prediction equations (GMPEs) are put together in the present model to assess the seismic hazard in the region. Probabilistic seismic hazard assessment (PSHA) is conducted based on characteristic earthquake modelling for the fault segments capable of producing large earthquakes and smoothed seismicity modelling for the background smaller magnitude earthquake activity. The time-independent and time-dependent seismic hazard results in terms of spatial distributions of three ground-shaking intensity measures (peak ground acceleration, PGA, and 0.2 s and 1.0 s spectral accelerations (SA) on rock having 10% and 2% probabilities of exceedance in 50 years) as well as the corresponding hazard curves for selected cities are shown and compared with previous studies.
Introduction
The two destructive earthquakes that occurred in the Eastern part of Marmara region at the closing of the 20th century, namely the August 17, 1999, M7.6 Izmit and November 12, 1999, M7.2 Düzce earthquakes, have been a turning point in the community perception of the high seismic risk prevailing in Marmara region, which hosts several highly populated cities, among them Istanbul with its 15 million population and contributing to more than 30% of Turkish GDP. Since the 1999 earthquakes, the mitigation of the seismic risk in the Marmara region and particularly in Istanbul has been a major aim and to this end several geological and seismological studies have been conducted for the characterization of seismic sources, especially within the Marmara Sea and for the identification of the associated earthquake potential that would enhance reliable estimations of the seismic hazard levels in the region. As such, as new data and methods emerge, updates of seismic hazard models also become indispensable. In fact, many recent studies indicate the high probability of having an earthquake with magnitude up to 7.4 especially on the fault segments in the Marmara Sea, passing from about 20 km south of the city of Istanbul [1] [2] [3] [4] [5] [6] [7] . Using time-dependent methods, the occurrence probability of large earthquakes (M >7.0) in the Marmara Sea was calculated to be around 40% for the next 30 years starting from the year 2004 by [2] and the year 2016 by [3] .
Following the 1999 earthquakes, in addition to the several research efforts on source characterization in Marmara region, a number of studies were conducted for the estimation of future ground motions in the region. Probabilistic seismic hazard models were developed by [8] [9] [10] [11] using different earthquake rupture models and forecasts together with various ground motion prediction equations (GMPEs), while [12] [13] [14] [15] used physics-based simulations to estimate ground motion distributions from future fault ruptures. Spagnuolo et al. [16] analysed the effects of the rupture directivity on the seismic hazard in Marmara region.
The common point of the recent probabilistic seismic hazard assessment studies was that they have addressed the seismic hazard based on fault source modelling with characteristic recurrence through the commonly used Poissonian and/or more complicated renewal models (e.g., [17, 18] for Italy, [9] [10] [11] for Marmara). For the Marmara region, this preference was driven by several aspects such as (1) the region has experienced a large number of M >7 earthquakes with some regional periodicity over the last thousand years; (2) the area to the west of the 1999 Izmit earthquake which is also affected by the post-earthquake positive stress transfer is a candidate to produce large earthquakes, with almost 150 km long un-ruptured segments representing a seismic gap in the Marmara sea; 3) following the 1999 Izmit and Düzce earthquakes, many important projects and studies made significant contributions to the knowledge on both on-and off-shore seismic sources to set up a complete regional fault model to be used for the seismic hazard studies.
The present study aimed at a reassessment of the probabilistic seismic hazard in the Marmara region using recent findings and outputs of different national and international projects in terms of seismicity, fault geometry and slip rates. An updated fault segmentation model and several earthquake recurrence estimations together with recently derived global and regional ground motion prediction equations (GMPEs) are utilized to assess the seismic hazard in the area. We first introduce the earthquake catalogue and finite fault sources with their corresponding statistical, geometrical and kinematical aspects; then probabilistic seismic hazard assessment (PSHA) methods based on seismicity (smoothed seismicity approach) or individual fault ruptures (characteristic earthquake model) are implemented and the effect of the different earthquake occurrence models on the hazard estimations is investigated. The epistemic uncertainties in ground motion estimations for given earthquake magnitude and distance couples are treated via a logic tree at the GMPE level of the hazard model.
Regarding the seismic hazard computations, we have used the freely available Openquake software [19] . Final results are given in terms of peak ground acceleration (PGA) and 0.2 s and 1.0 s spectral acceleration (SA) distributions for engineering bedrock (upper 30m shear wave velocity, Vs30, of 760 m/s) having 10% and 2% probabilities of exceedance in 50 years (corresponding to return periods of 475 years and 2475 years respectively) as well as hazard curves corresponding to the same ground motion parameters for selected cities. The ground motion estimations are compared with those from earlier studies and differences are discussed. A general map of the study region is provided in Figure 1 , where we present the fault ruptures associated with large earthquakes that occurred in the 20th century, as well as the locations of the four cities mentioned above. 
Review of Previous Efforts
Regional probabilistic seismic hazard assessment models for the Marmara region were developed after the 1999 Izmit and Düzce earthquakes. Earlier assessments were conducted for Turkey in general (e.g., [20] ), in which seismic sources in the Marmara region were represented by mainly two large areal sources, standing for the northern and southern branches of the North Anatolian Fault in the Marmara Sea. At the source modelling level, region-specific studies which were later developed relied more on fault segmentation and associated parameters. Atakan et al. [8] conducted a seismic hazard study with three different source models, one with broad areal sources similar to the ones extracted from [20] for Turkey, the second and third ones with narrow areal sources representing the fault segments in the Marmara region (Figure 2a ,b). Characteristic magnitude recurrence and time-dependent hazard computation methods were adopted for the second and third models. Erdik et al. [9] used both Poissonian and time-dependent methods in association with a fault source model developed for the Marmara region ( Figure 2c ) with characteristic recurrence, combined with smoothed background seismicity. Kalkan et al. [10] proposed an alternative model again based on fault sources ( Figure 2d ) and smoothed seismicity, earthquake recurrence on faults being represented by both exponential and characteristic models, the results of which combined in a logic tree. Gülerce and Ocak [11] proposed a seismic hazard model for the eastern part of the Marmara region, between longitudes 29-31.5 • E and latitudes 40.3-40.9 • N ( Figure 3 ). The composite recurrence model of [21] was adopted and segments were allowed to break individually or to accommodate cascading ruptures. At ground motion prediction level, all studies differed in their choice of models and associated logic tree structure. Atakan et al. [8] adopted the models by [22] [23] [24] [25] , providing results separately for each model. Erdik et al. [9] combined three different models from [23] [24] [25] in a logic tree structure assigning equal weights to each branch. Kalkan et al. [10] used three NGA-W1 models, [26] [27] [28] ] and a regional model [29] setting the weight of the latter equal to the total weight of the NGA branches. Gülerce and Ocak [11] opted for five NGA-W1 models [26] [27] [28] 30, 31] and assigned equal weights to each in the logic tree.
All studies provided mean hazard maps corresponding to specific return periods for their respective study regions. However, the comparison of estimated hazard values is not straightforward due to presentation preferences of each study. It might be easier and more indicative to compare 475-year PGA for two sites, Izmit and Istanbul city centres, as the former is a site close to a recent fault rupture and the latter is close to expected near future ruptures. Table 1 provides a summary of results for PGA corresponding to 475-year return periods for these two cities as obtained from the four models mentioned above. As observed from these results, a large epistemic uncertainty prevails in the PSHA studies, even in the case of data availability and similarity of modelling preferences. 
PGA 475 years

Time Dependent Model
Poisson Model Model Istanbulİzmitİstanbulİzmit Atakan et al. [8] Between 0.20-0.26 --Erdik et al. [9] 0.45g 0.35g 0.37g 0.77g Kalkan and Gülkan [10] Between 0.30-0.40g Between 0.40-0.60g --Gülerce and Ocak [11] ---0.70g
Data Set
In this section, we present a review of the recent activities towards the compilation of new and/or updated information regarding the two main data sets, namely the earthquake catalogue and the faulting data required for the development of the source models for the Marmara region. One of the major sources to this end was the databases compiled during the EU FP7 Marsite Project (http://marsite.eu)
Earthquake Catalogue
Earthquake catalogues are a compilation of earthquake events that have occurred in a region within a prescribed time period providing parametric data such as origin time, location, magnitude, and depth for each event. Thus, earthquake catalogues become the most crucial seismological product in regions such as Marmara Region, where earthquake hazard assessments exclusively rely on the analysis of historical and instrumental earthquake data.
In terms of both compilation and analysis methods, earthquake catalogues are investigated under two different time periods: the so-called historical one, usually corresponding to the pre-1900 period and going as back as possible in a reliable way and the so-called instrumental, corresponding to the post-1900 period. While compilations for the pre-1900 period rely mainly on macroseismic data, those of the post-1900 period are based mostly on instrumental information. Several recent global and regional compilations covering different time periods provide updated and/or reassessed seismicity data Turkey. Among these, four recent catalogues are: (1) SHEEC, the catalogue of historical earthquakes in Europe, for the period 1000 AD to 1899, which proposed a reassessment and homogenization of parametric information based on re-evaluation of macroseismic data in Europe and Turkey [32] ; (2) GHEC, the Global Historical Earthquake Catalogue, which was compiled as a component of the Global Earthquake Model (GEM) initiative, providing parametric data for 825 earthquakes of the period 1000 AD to 1903 with a magnitude of ≥7.0 and occasionally smaller ones [33, 34] ; (3) ISC-GEM Instrumental catalogue, which was another global component of the GEM initiative compiled by the International Seismological Centre (ISC) covering the period 1900 to 2009 and providing reassessed parametric information for earthquakes with magnitude ≥5.5 [35] ; (4) Kadirioglu et al. [36] developed an updated earthquake catalogue for Turkey covering the period 1900 to 2012 and for earthquakes with magnitude ≥4.0. The methodology of analysis consisted of the following steps: compilation of parametric data for the region between 32-45 • N and 23-48 • E from all available sources including seismological reports and literature; selection of preferred sources for each event; correction, if needed, of the epicentral coordinates in accordance with faulting data; and magnitude homogenization through conversion equations based on regional data.
The historical (pre-1900) period earthquake catalogue of the Marmara region, compiled within the scope of the EU FP7 Marsite Project, as well as several descriptive catalogues such as [37, 38] and parametric earthquake catalogues of [32] [33] [34] were consulted to obtain a catalogue of large magnitude historical events in the Marmara region. For the post-1900 period we have adopted the catalogue of [36] , which was also declustered by the method of Gardner and Knopoff [39] for the removal of the dependent events (i.e., aftershocks). A catalogue of microseismic activity (Ml 0.5 to 5.5) for the period 2012-2016 was also compiled during the EU-FP7 Marsite Project. Figure 4 presents the distribution of the large magnitude events (M ≥6.6) while Figure 5 presents the entire seismicity catalogue used in the study. 
Fault Database
The eastern part of the North Anatolian Fault Zone (NAFZ), extending from Erzincan to Bolu, consists of consecutive segments forming essentially a single trace, which has ruptured in four major earthquakes in the 20th century [40] . The fault structure becomes more complex to the west of Bolu.
Here the main strand passes through the Mudurnu valley, the segments of which were ruptured in the 1957 and 1967 events. To the north of the same region, however, the Düzce segment forms another strand bounding the Bolu mountains in the north and connecting to the Izmit segment. Further to the west, as the North Anatolian Fault enters the Marmara region, it is again splayed into two main branches. The northern branch follows the Izmit segment, passing through the Izmit Bay where it enters the Marmara Sea. At the western exit of the Izmit Bay into the Marmara Sea, it forms a major trans-tensional NW-SE right-bend under the sea in the Çınarcık trough. From there on, the fault follows the northern margin of the Marmara Sea, paases the Central Marmara and Tekirdag pull-apart basins, and connects to the NE-SW striking Ganos fault on land. Finally, this branch exits into the Aegean Sea through the Saros Gulf [41] [42] [43] [44] [45] [46] [47] . The southern branch of NAFZ, which splays from the main strand to the west of Mudurnu, runs on-land in the southern Marmara region, passing south of Iznik lake and the Gemlik Bay. It is composed of several parallel segments running southwest towards the Aegean Sea and bounding several quaternary basins [48] .
The development of a segmentation model for a large fault zone is basically performed by geological considerations. Geometrical discontinuities such as restraining and releasing step-overs or bends, offsets and overlaps throughout the fault trace guide the development of the segmentation model which can also be constrained by observed displacements in recent earthquakes [48] . Following a critical review in terms of reliability and adaptability to seismic hazard assessment purposes, available segmentation models can be adopted for the development of a fault-based source model. While segment lengths of the model control the magnitude distribution, the slip rates on the faults, which are in fact subject to larger uncertainties, will dictate the recurrence. On the other hand, assigning historical earthquakes to particular fault segments introduces additional uncertainties as epicentral locations and magnitudes, and consequently fault ruptures associated with historical events are usually subject to major assumptions due to lack of data. This association on the other hand will both constrain the recurrence model of large earthquakes and, for the case of time-dependent assessments, impact the computation of the time elapsed since the last rupture of a given fault segment.
The segmentation model for the Marmara region defined here was based on the most recent and detailed data on the NAFZ branches available in the literature. In fact, one of the main datasets forming a basic input to the probabilistic seismic hazard model developed in this study was the fault database compiled in EU FP7 Marsite Project ( Figure 6 ). The fault data, including detailed geometry, mechanism and slip rates and associated uncertainties from the literature compiled in the Marsite Project were evaluated to obtain a fault source model to be used in the hazard analysis. In several cases, small segments, which we have interpreted as belonging to the same system, have been combined to obtain a fault source model suitable for the assessment of seismic hazard. We have complemented the model with segments of the Southern Marmara region, using data mostly from Emre et al. [49] (Figure 7 ). 
The Fault Source Model
In this study, we propose an updated fault segmentation model and associated parameterization for probabilistic seismic hazard assessment purposes based on recent studies of the NAFZ in the Marmara region integrating geometrical configuration of different segments with seismological data and recent estimates of the slip rates [5, 6, 43, [50] [51] [52] [53] . The model presented in Figure 8 incorporates three strands of the NAFZ in the Marmara region: the Northern one NNAF) traversing the Marmara Sea from Izmit Bay in the east to Ganos in the west, is the most active strand with right-lateral slip rates of 14-24 mm/yr. The Central (CNAF) and Southern (SNAF) branches run in parallel, on-land south of the Marmara region, from west of Mudurnu to the Aegean sea. The CNAF branch shows about 5 mm/yr of right-lateral deformation while the oblique right-lateral SNAF strand accommodates 2-6 mm/yr of dextral slip and up to 8 mm/yr of dip slip [54, 55] . In the present model, we have adjusted the slip rates on the three branches of NAFZ in Marmara region to balance the total slip rate in the region which is in the order of 24 mm/yr [3] . As the CNAF and SNAF are a group of fault segments running in parallel, we split the total slip rate of the southern Marmara between the two southern strands based on conclusions made by Straub et al. [56] , with the CNAF slightly faster (~4-5 mm/yr) than the SNAF (~2-3 mm/yr). The slip rates along the branches are later used to determine the return periods of the characteristic earthquakes on each segment. The geometric and kinematic characterisation of the segmentation model is presented in Table 2 . Another step of the model development, namely the association of historical and instrumental large magnitude earthquakes with the segmentation proposed for the three strands of the North Anatolian Fault in the Marmara region is shown in Figure 9 and also given in Table 2 . 
Probabilistic Seismic Hazard Model and Methodology
Following the PSHA studies conducted by [9, 10] for the Marmara region, in the present work we focus on the reassessment of the seismic hazard with the purpose of updating the hazard model using recently revised databases in the region. Earthquake rates are estimated through long-term earthquake recurrence behaviour of active faults as well as the spatial distribution of seismicity. Earthquake rate models are constructed following two earthquake source models:
(1) Seismicity-based source model: Following the spatially smoothed seismicity approach of [57] , seismic activity rates of the so-called "gridded" sources are calculated from the "background source activity", i.e., small and intermediate size earthquakes (M4.3 to M6.6). This approach assumes that the small to moderate size activity is not necessarily associated with known faults and that the past distribution of seismicity will provide information about the location of future events [58] . Here the earthquake catalogue of the instrumental period is given precedence due to incompleteness and larger parameter uncertainty issues associated with the historical catalogues for the considered magnitude range.
(2) Fault-based source model: The earthquake recurrence rates for M ≥6.7 are calculated for the identified faults and fault segments based on a "characteristic earthquake" model. This model assumes that each fault ruptures with a characteristic earthquake [59, 60] , the magnitude of which is assessed from the fault dimensions and mechanism via empirical models. Long-term earthquake recurrence rate is estimated using the geologic slip rates on each fault. The cycle of earthquake occurrence and occurrence probabilities are then determined using both the time-independent (Poisson) and time-dependent (renewal) models. Finally, the rates of earthquakes on the fault systems and those of background seismicity are aggregated to determine the long-term earthquake rates as a function of magnitude in the Marmara region.
Seismicity-based Source Model
In this section, we develop the background-gridded seismicity model for Marmara region focusing on the spatial characterization of seismicity through the fixed smoothed seismicity approach as described by [57] . The source model assumes a magnitude-frequency distribution with the truncated form of the Gutenberg-Richter equation [61] ,
where N(m) is the number of earthquakes with magnitude M ≥ m, and the b-value is the slope of the magnitude-frequency distribution of seismicity within the magnitude completeness range. The seismicity rates are determined for a spatial grid of sources from the declustered earthquakes with M >4.3 in the instrumental catalogue. This catalogue is assessed to be complete since 1900 for magnitudes greater than M5.3, since 1950 for magnitudes greater than M4.8, and since 1980 for magnitudes greater than M4.3.
We sub-divide the study area into a grid of 0.1 • by 0.1 • (about 10 km × 10 km) grid size. Then we calculate the number of earthquakes with magnitudes greater than or equal to M4.3 in each cell of the grid and rates are adjusted for variable completeness. Following the Gutenberg-Richter recurrence relationship [61] , the b-value is calculated by maximum likelihood method proposed by [62] , which considers the completeness periods of different magnitude bins. The b-value for the Marmara region is calculated as 0.87 (±0.03), using the completeness periods given above. The occurrence rate of magnitude M earthquakes, λ i , in each ith cell is calculated using N events in the catalogue with the following equation;
where K σ , σ, and R i (∆t, M c ) are the smoothing kernel, smoothing distance or correlation distance, and event rates consider the magnitude completeness M and completeness time ∆t, and r ij is the distance between the ith and jth cell. Finally, seismicity rates are smoothed adopting an isotropic, 2-D Gaussian function by the smoothing kernel:
K (r ij ,σ) is the smoothing kernel that is a function of distance, r ij and the smoothing or correlation distance σ. It is numerically integrated over each i th grid cell and normalized using the coefficient C (σ).
In this study, the smoothing distance is chosen as 25 km so that the earthquake rates are smoothed within a circle with radius not larger than 75 km or smaller than 25 km. The small correlation distances present very grainy-looking maps and the larger ones produce much smoother one. One problem with the choice of the smoothing kernel is apparent in the NAFZ, where seismicity that occurs near and/or along the linear fault zones is over-smoothed. Figure 10 presents the gridded and smoothed a-values obtained for the study region. For the recurrence behaviour of the seismic activity, the time-independent Poisson assumption is preferred, such that the occurrence of an earthquake does not have any impact on the probability of occurrence for later events. In order to avoid double-counting of earthquakes in the hazard source model, maximum magnitude is set to M6.7 for the seismicity-based source model. 
Fault-based Source Models
In this part of the work, we exploit the geologic data sources to build-up a fault-based source model and associated recurrence for earthquakes of magnitude larger than M6.6 in the Marmara region. The long-term recurrence rate of each fault segment is estimated based on characteristic earthquake behaviour as presented by [59, 63] . The characteristic magnitudes for the segments can be calculated through empirical relationships between magnitude and fault length or rupture area. The relationship between magnitude and fault area for strike-slip faults proposed by [63] is adopted here to obtain the mean characteristic magnitude for each segment of the source model (Table 3) . With respect to the temporal modelling of the earthquake generation process, we assume fully characteristic earthquake occurrence on the faults and use two different approaches for earthquake rupture forecast: a time-independent (Poisson) model, in which the probability of occurrence of the characteristic event is uniform in time, and a time-dependent (renewal) model in which the probability of occurrence of the characteristic event varies depending on the time elapsed since the previous event. The slip rate along individual fault segments is the key parameter that controls the recurrence behaviour of the characteristic earthquakes both for the Poisson and time-dependent approaches. The elapsed time since the last characteristic earthquake will be the second key parameter in the calculation of future earthquake probabilities in the time-dependent model. As a first step to build the earthquake rupture forecast (ERF) model, the slip rates on the three branches of the North Anatolian Fault in Marmara region were adjusted to balance the total slip rate in the region which is about 24 mm/yr (Table 3 ). Afterwards the long-term slip rates have been converted to earthquake recurrence rates for each fault segment conserving the seismic moment rate over each fault as proposed by [60] . The mean recurrence time (i.e. the return period) in years of the characteristic earthquake (T r ) is computed as
where Mo = 10 (1.5M + 9.05) is the seismic moment corresponding to the characteristic earthquake, µ is the shear modulus of the ground (µ= 30 GPa), SR is the long-term annual slip rate, and A is the fault rupture area. The coefficients 1.5 and 9.05 (SI units) are suggested by [64] . The denominator of equation (4) represents the annual rate of seismic moment built-up. The return period of the characteristic earthquake is in fact the time in years that is required for the accumulation of the seismic energy (i.e., seismic moment) required for the characteristic to occur. λ char = 1/T r defines the mean annual occurrence rate of the characteristic earthquake. Following the Poisson assumption, the probability of occurrence of at least one earthquake on a fault segment within a time interval ∆T can be calculated with the following expression:
In Table 3 we present the geometrical parameters and the mean characteristic magnitudes for each fault segment, the long-term geologic slip rates, the mean recurrence time (i.e., return period) and corresponding annual rates of occurrence for the characteristic earthquakes. Here we should mention that only mean slip rates are utilized for the computation of the mean recurrence times and that uncertainty on the slip rates may in fact cause variability in the recurrence parameter.
ERF Model: Time Dependent Approach
While the Poisson assumption is commonly used and well-accepted in the seismic hazard assessment practice, extensive paleo-seismic and historical seismicity investigations on individual faults suggest a rather periodic occurrence of large characteristic magnitude earthquakes providing the possibility to use time-dependent or renewal models for the hazard analysis [59] . Numerous statistical models have been developed for the calculation of the probability density function, such as Gaussian, log-normal, Weibull, Gamma, and Brownian Passage Time.
In the present work, we prefer the most frequently used Brownian Passage Time (BPT) probability model that is built on a straightforward physical model of the earthquake periodicity [65] . In BPT, the probability of an earthquake occurrence is conditional to the time elapsed since the last event, t, which can be given as:
where T r is the mean recurrence time, and α is the aperiodicity. In this model, conditional probability of the next large earthquake varies with time. The elapsed time is set to zero upon the occurrence of each subsequent characteristic event. The occurrence probability of the next characteristic event is negligible right after the last event but starts increasing as the elapsed time since the last event increases. When the elapsed time since the previous earthquake is less than about 2/3 of the estimated mean recurrence time, the BPT model predicts lower occurrence probability for the following earthquake compared to the Poisson model's one. After a certain point in time, the time-dependent model starts predicting higher probabilities compared to those of Poisson. The aperiodicity parameter (α value) describes the regularity of the characteristic earthquake occurrences on any fault in time, smaller α values indicating more regularity in time. Therefore, the smaller the parameter α, the higher will be the probability of occurrence of the next event for longer elapsed times with respect to the mean recurrence time. Generally, the aperiodicity parameter is determined from the coefficient of variation of actual observed recurrence times on active faults and well-built geological evidence [66] . When the historical and the paleo-seismological records are scarce, this parameter gets highly uncertain. In this study, due to a limited number of historical events associated with individual faults, the conditional probabilities are estimated assuming aperiodicity "α" value 0.5 as obtained by [66] through the statistical tests from the global earthquake recurrence times. These probabilities are conditional because they change as a function of the time elapsed since the last earthquake. Therefore, the conditional probabilities calculated by the BPT model are converted to effective Poisson rates (in our case ∆T is 50 years) through the following equation as proposed by [67, 68] : Table 4 shows the recurrence rates for each 21 faults calculated using the BPT model in the Marmara region. Some faults in Table 4 present larger elapsed time with respect to their calculated recurrence time. These values may have a major control on the earthquake occurrence probability estimations from the renewal models. Following this indication for the next 50 years, the largest time-dependent probabilities being more than 50% are found for the Central Basin, MMF, Ganos, Saros, and Saros 2 faults in the central and eastern part of the Marmara Sea region, close to the city of Istanbul (indicated in bold fonts in Table 4 ). The highest time-dependent probability value is calculated for the Saros 2 fault (being close to 80%). This high probability results from the elapsed time (103 years), by its last characteristic event (1912), being well beyond the average recurrence time of 70 years (Tables 3  and 4 ). Similarly, the Central Basin and MMF faults show a high occurrence probability equal to 58.2% and 58.8%, respectively (Tables 3 and 4 ). These faults also have long elapsed times (672 and 249 years) that are several times larger than their calculated inter-event times (130 and 115 years). Finally, combining the earthquake recurrence and ground motion occurrence models, the annual rate of exceedance of the ground motion parameter u, a certain value u 0, for a site, is calculated following [69] :
where λ i (m 0 ) is the recurrence rate of the i source for m ≥ m 0 earthquakes, (λ cha and λ eff for the characteristic earthquake rates in case of the Poisson and renewal model); m 0 and m u is the lower and upper bound magnitude; r is the distance between the source and the site; and p i (m), p i (r) are the probability density functions for earthquake magnitude and distance, respectively. P( u > u 0 | m, r represents the ground motion estimation model for given magnitude (m) and distance (r) pairs. In this study following Equation (9) we quantify the probability of exceeding various ground shaking levels on a grid of sites using the two distinct recurrence earthquake models together with the selected four GMPEs.
Computation of The Seismic Hazard
Ground Motion Characterisation and Logic Tree
Based on the evaluation of regional earthquake ground motion recordings and statistical ground motion prediction equation (GMPE) selection methods, [70] proposed an up-to-date logic tree for the characterisation of the ground motion in Turkey, which was later used in the update of the Turkish national seismic hazard maps [71] [72] [73] . As the main focus of the present study is an update of the source characterization in the Marmara region, we adopt for all source models (fault and background) the GMPE logic tree proposed by [70] for active shallow crustal regions, which consists of four models and associated weights as presented in Table 5 . Table 5 . The active shallow crustal GMPE logic tree used in the present study.
Ground Motion Prediction Equation Weight
Akkar and Çagnan [74] The proposed GMPE logic tree presents a reasonable coverage of different models to capture the epistemic uncertainties in the ground motion characterization, including a local model [74] , a regional model [75] and two global models [28, 76] developed based on data from similar tectonic regimes. However as ground motion in the Marmara region corresponds only to a subsection of the Turkish data, to evaluate the applicability of the selected GMPEs, we compiled a set of recordings from recent earthquakes in the region and compared associated PGAs with selected models. The parameters and the epicentral locations of the selected earthquakes are presented in Figure 11 . Corresponding ground motion parameters are obtained from the Earthquake Department of the Turkish Disaster and Emergency Management Authority (AFAD, https://deprem.afad.gov.tr). Figure 11 . Earthquakes used to evaluate the applicability of GMPEs. Numbers in parentheses indicate the number of recordings for each earthquake within 250 km distance in our study region. Figure 12 compares PGAs (geometric mean of the two horizontal components) from M5.2 earthquakes (the largest bin in our database), grouped in terms of site classes of the recording stations, with 16 (median-one standard deviation), 50 (median) and 84 (median + one standard deviation) percentile estimations of the four GMPEs used in the study. As all three models except ZH2006 use V s30 as a predictive parameter of the model; we used representative V s30 values of NEHRP site classes in the models and grouped the recordings accordingly. ZH2006 uses a site classification scheme slightly different to NEHRP and corresponding site coefficients in the model, which were also adopted in the corresponding plot. In Figure 13 , we compare data from all earthquakes and all soil types with median estimations from the GMPEs for strike-slip faulting and a V s30 value of 510 m/s, which we considered representative for Site Class C (V s30 between 360 and 760 m/s). Figure 12 reveals a satisfactory fit between the recorded ground motions and GMPEs for M5.2 earthquakes as almost all data remain within ± standard deviation estimations for all models. When all magnitudes are considered ( Figure 13 ), we observe a larger scatter with respect to the models, partly because here we compare all data with median estimations for a V s30 value of 510 m/s, but also for the following reasons: (a) the available distance parameter for the 24.05.2014 M6.9 earthquake is the epicentral distance, rather than distance to the fault rupture (R rup ) or Joyner and Boore distance (R jb ) used in the models; and (b) data from the very large magnitude events of our database showed a large scatter with respect to distance and soil conditions. Overall, also considering that the aleatory variability up to three standard deviations from the median estimations are included in the computations, we conclude that the proposed GMPE logic tree structure satisfactorily covers the uncertainty in the ground motion occurrences in the Marmara region. 
Computation of The Seismic Hazard
We calculate the probability in 50 years of exceeding a various ground motion level at a series of gridded sites following the equation (8) using both time-independent and time-dependent models, together with the ground motion equations. We selected four GMPEs recently developed for the active shallow crustal regions and as selected by [70] . These GMPEs are integrated into the calculations using a logic tree model; three models [28, 74, 75] are assigned a weight of 0.3 each, while [76] is weighted by 0.1. In terms of the seismic source model, we integrated both smoothed background seismicity for earthquakes with magnitude below M6.8 (M min being 4.3) and the geologically derived fault source model for earthquakes with M ≥6.8. The seismic hazard is calculated with two different approaches: (1) assuming a fully Poissonian earthquake occurrence for both the background seismicity and the fault sources; (2) assuming Poissonian occurrence at the background and a time-dependent earthquake occurrence on the fault sources. For hazard calculations, we used the Openquake software [19] . The gridded seismic sources have been modelled with the "point source" option while the linear sources have been modelled with the "characteristic fault source" option as provided in the Openquake platform. The present analysis has been conducted for the region bounded by 25.4-34.0 • E and 39.2-42.0 • N with a grid interval of 0.1 • . The selected ground motion parameters of analysis were the Peak Ground Acceleration (PGA) and the 5% damped Spectral Accelerations (SA) at periods of 0.2 and 1.0 sec for engineering bedrock site conditions (average shear wave velocity of the upper 30 m, V s30 , of 760 m/s). The reasons for this selection are that PGA provides a quick perception of the hazard levels at the regional scale and is a convenient parameter for comparison with other studies, while spectral accelerations at periods of 0.2 and 1.0 sec can be readily used to construct NEHRP type design spectra for any site. The outputs are mean hazard curves for each point of the grid for both the Poisson and time-dependent models complemented with the smoothed seismicity model for the background. Additionally, 475 and 2475 years ground motion distributions are extracted from the corresponding hazard curves.
Results
Here we present the PSHA results for the Marmara region corresponding to Poisson and time-dependent earthquake rupture forecast models, first in a set of ground motion intensity distribution maps; and second as hazard curves corresponding to four major cities, Istanbul, Izmit, Tekirdag, and Bursa (Figure 1 ) in our hazard model. All results correspond to engineering bedrock (V s30 = 760 m/s) site conditions.
Hazard Maps for Selected Ground Motion Intensity Measures
The seismic hazard at each point of our analysis grid is obtained from the contributions of (1) smoothed seismicity and characteristic fault ruptures with Poisson (time-independent) ERF or (2) smoothed seismicity and characteristic fault ruptures with time-dependent (renewal type) ERF. The contribution of these individual models to the final hazard can be observed in Figure 14 where we present, as an example, 475-year PGA distributions on bedrock resulting from background seismicity (Figure 14 , upper panel) and the individual fault models using time-independent (Poisson) (Figure 14 , central panel) and the renewal-BPT model (Figure 14, lower panel) .
To further illustrate the effects of these individual contributions at different sites and ground motion intensity measures of different characteristics, we present in Figures 15 and 16 respectively, the seismic hazard curves for Istanbul, Tekirdag, Bursa, and Izmit considering the Poisson, renewal-BPT and smoothed seismicity models for PGA and 5% damped spectral acceleration (SA) at T = 1.0 s. Figure 14 reveals that for short period ground motions, background seismicity contributes significantly to the hazard particularly in the central Basin and Saros, in a few cases (southern strands of the NAF) it even alters the fault contributions, while the faults control the seismic hazard and ground motion parameters along the NAF zone. Note that the hazard calculated with both models (Poisson and BPT) shows considerable alterations and abrupt transitions along the north Anatolian fault zone.
On the other hand, looking at the individual hazard curves for short and mid-period ground motions (Figures 15 and 16 respectively), we observe that smoothed seismicity tends to govern the total seismic hazard for short return periods (up to around 72 years, 50% probability of exceedance in 50 years, or even higher) mainly for PGA at Bursa and Izmit, as the former is associated with very long return period faults, while the latter is close to a fault with very recent rupture. For mid-period ground motions on the other hand, fault contributions always govern the seismic hazard, as the effect of distant dominant sources becomes more significant than closer small sources for this type of ground motion parameter. Besides, some of the active fault segments retracing high renewal-BPT probabilities favor higher seismic hazard for the the Central Basin, MMF, Ganos, Saros, and Saros 2 segments in the central and eastern part of the Marmara Sea region. PGA is around 0.6-0.8 g for the time-independent model, while it increases almost 50-60%, reaching 1.0-1.5 g in the same area close to these fault systems for the time-dependent case, thus making them one of the highest hazard zones in the Marmara region, close to the city of Istanbul. For example, the Central Basin and MMF segments have several times larger elapsed times (672 and 249 years) with respect to their calculated inter-event times, 130 and 115 years, respectively. These differences are further discussed in Section 6.3 where we also present the percentage changes in seismic hazard caused by the use of different models. These cities are selected to reflect the short and long-term effects of the source models developed in this study. Istanbul and Tekirdag are located close to the unruptured segments of the Main Marmara Fault, the hazard in Tekirdag being the highest among all. Bursa is located directly on a fault segment (Bursa segment), however with a much longer mean recurrence time of the characteristic earthquake, and Izmit is again located directly on a fault segment (Izmit segment) which experienced a very recent rupture. Overall, the seismic hazard in Tekirdag reveals to be the highest both in Poisson and time-dependent models. In Istanbul, although we observe quite high rates associated with low and mid-range ground motion values, we observe a steep decrease towards higher ground motion levels, i.e., the probabilities associated with PGA's larger than 1 g, the rates of occurrences are lower than the other cities. This might be the effect of the larger distance between the city centre and the causative faults. In Bursa, due to the high return periods of large earthquakes we observe higher annual rates for larger ground motion amplitudes. 
Hazard Curves for Selected Sites
Discussion of the Results and Comparisons with Other Studies
In this section, we discuss the percentage changes between the seismic hazard maps, presented in terms of PGA with 10% probability exceedance in 50 years, from this and other studies, reflecting the effects of modelling preferences in the calculation of the total hazard (Equation 8) and the use of different databases, earthquake occurrence models, and GMPEs. In all the comparison maps, the relative differences, i.e., the percent changes, are expressed as: Figure 26 shows the percent changes in the mean seismic hazard in terms of 475-year PGA computed with two earthquake occurrence models in the present study. The results based on the time-independent and time-dependent models present the impact of the fault recurrence rate and the regency of fault rupture by remarkably reducing hazard levels along the eastern part of the NAF zone reaching up to 60% nearby Izmit, Duzce, and an increase of up to 50% in the regions close to Istanbul and Tekirdag. At Southern NAF Strands: Pazarkoy, Can and Manyas faults, we observe a 25% decrease in the seismic hazard. The hazard curves presented in Figures 23-25 reveal similar trends for the 2475-year ground motions as well. In Figure 27a ,b we compare our Poisson and time-dependent seismic hazard results in terms of 475-year PGA with those previously calculated by Erdik et al. (2004) . Our hazard model yields higher ground motion in the Marmara Sea both for Poisson and time-dependent models, and lower ground motion values around the Izmit segment. The main reason for these differences is in fact the development of a different fault segmentation model in the present study. For the Izmit segment, the reason for the Poisson PGA values being lower is that the new model incorporates the 1999 Izmit earthquake rupture as a single segment with a characteristic magnitude of 7.5 and return period of 155 years, while in the previous model it was composed of four different segments each having a characteristic magnitude of 7.2, return period of 140 years, and the accumulation of several M7.2 earthquakes causing higher annual rates of exceedances for the specific ground motion amplitudes. On the other hand, mean recurrence times associated with the characteristic ruptures on MMF and Central Basin are now much lower. Cinarcik segment is now associated with a dipping geometry (70 • dip), yielding higher ground motions over the entire surface projection of the segment. As no major earthquake occurred in the region since the publication of the previous model, time-dependent hazard is expected to increase in all parts of the region, however, this could be quantified only if the Poissonian differences were set to zero, i.e., by an update of the previous model to incorporate the increase in the parameter "time since last earthquake". However, these results are a clear example that indicate that hazard estimations may change over the time, increasing and decreasing as a function of time and with the knowledge that is introduced to the hazard calculations. [9] . It represents the ratio between the mean PGA at {[PSHA this study − PSHA Erdik et al. [9] ]/PSHA this study } × 100, Erdik et al. [9] and this study (%10 in 50 yrs.). (a) Poisson model (b) renewal model, calculated using the background seismicity and individual fault segments. In red: positive amplifications. In green: negative amplifications. Figure 28 presents a comparison of the 475-year PGA distribution of our Poisson model with the mean 475-year PGA from the updated PSHA model of Turkey [71] [72] [73] . It would be difficult to provide a full description of the source modelling in the latter; however, we may say that the new Turkish seismic hazard model is composed of two independent source models, an area source model (assigned 50% weight in the final logic tree) and fault source and smoothed seismicity model (again weighted as 50% in the final logic tree). The earthquake recurrence is assumed to be Poisssonian with exponential distribution in all models. The seismic hazard as computed by our model is generally higher around the fault segments and lower in the background. Our characteristic Poisson ruptures yield much higher hazard values around the fault segments, as in the combined Turkey model, the area source model smooths the hazard in these regions. In the background, however, the same governs the hazard, yielding higher values than the smoothed seismicity model of the present study. It should also be stated that the GMPE logic tree is the same in both models. Although based on different modelling assumptions (characteristic modelling of earthquake recurrence on faults in the present case, exponential modelling of earthquake recurrence in the Turkey model, in addition to an area source model as another branch of the logic tree), we wanted to present a comparison of the resulting hazard maps, as it may provide guidance on the identification of regions, where site-specific hazard assessments with alternative models would yield more critical values when compared to the standard code-basis ground motions. The use of time-dependent recurrence models may further enhance these differences in regions close to un-ruptured faults. 
Conclusions
In the present study, we produce both time-dependent and time-independent ground motion exceedance probabilities as well as ground motion distribution maps for the Marmara region. The selected ground motion parameters were PGA and 5% damped Spectral Accelerations at structural periods of 0.2 and 1.0s. The first parameter is important as it provides a quick perception of the hazard levels at regional scale and is a convenient parameter for comparison with other studies, while the last two parameters can be readily used to construct NEHRP type design spectra for any site. Ground motion maps are presented for return periods of 475 and 2475 years corresponding to 10% and 2% probabilities of exceedance in 50 years. Our models incorporate recent information on the seismicity and the individual fault sources in the study region. These new and updated data permitted us to develop a new fault segmentation model and to assess the earthquake probabilities of the larger events and their effects on both the time-independent and time-dependent probabilistic seismic hazard analyses. In this study, we analyzed the effects of different considerations of the earthquake rupture model to the seismic hazard for a given exceedance probability. Particularly, we investigate model assumptions that lead to the most compelling alterations in the estimated hazard in the Marmara region, i.e., the impact of the different earthquake occurrence models on the seismic hazard using a PSHA methodology. We examined the effect of the recurrence time and the elapsed time since on the last earthquake associated with fault segments on the expected ground motion values in the next 50 years.
According to our results, the time-dependent ground motion estimations differ by 50 to 80% from the time-independent ones close to fault sources. When the elapsed time since the last earthquake exceeds half of the recurrence time of the fault, the time-dependent models contribute to higher probabilities and increase the seismic hazard compared to the time-independent ones [18] .
The time-independent hazard maps indicate that PGA, with 10% probability of exceedance in 50 years, varies between 0.3 and 0.4 g in the city of Istanbul and 0.4 and 0.6 g in Izmit and Duzce region. The time-dependent BPT model gives a somewhat lower hazard, notably in Izmit, Duzce, Yenice, and Manyas areas, where recent fault ruptures are observed and amplified hazard in Central and Western Marmara region as well as in Bursa, where seismic gaps exist. Although significant differences are observed in absolute values, these results are in general in agreement with previous findings by [9] .
The updated seismic hazard maps of Turkey, developed in connection with the new seismic design code, offer another source of comparison for the results of different modelling approaches. In the mentioned study, the design basis ground motions are obtained via a 50/50 combination of an area source model [72] and a fault source and smoothed seismicity model [73] . As the area source modelling tends to spread the hazard over the entire source area, our results remain higher around the main traces of the faults segments and generally lower over the background zones.
The present study aims to provide an update of the related previous work for the Marmara region in terms of PSHA results and particularly to demonstrate the effects of time-dependent seismic hazard modelling in a region where data availability enhances the construction of such models. Here we adopt a mean source model, with mean parameters computed from preferred models. Epistemic uncertainties associated with source characterization (e.g., uncertainties associated with geometric and kinematic parameters of the fault segments), multi-segment rupture probabilities and uncertainties caused by GMPE selection remain to be explored and quantified. The present study may help to pinpoint some of the key issues that affect earthquake occurrence and resulting ground motion hazard estimations, and particularly to note the importance of considering different and innovative approaches on the topics such as the earthquake recurrence, probability occurrence modelling, and ground motion modelling, for regional as well as for more detailed site-specific studies. For example, time-dependent hazard models may help to better categorize those areas with high seismic hazard for future earthquake microzonation studies and for the development of seismic risk-mitigation strategies, which might be relevant for urban planning and guidance in reconstruction and seismic retrofit. 
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